An important function of the small heat-shock proteins (sHSPs) is to prevent target (also called substrate or client) proteins from aggregating under conditions that promote protein unfolding. Although sHSPs are present in all kingdoms of life,^[@ref1]^ the best characterized members of the family are the α-crystallins, found in the ocular lens. Because the protein concentration in the lens fiber cells is unusually high, and protein turnover is negligible,^[@ref2]^ it is easy to appreciate the role of these proteins in preventing aggregation and, hence, light scattering *in vivo*. It is now generally accepted that sHSPs are among the first responders of the cell to various stress signals^[@ref3]^ and that they are rather promiscuous and nondiscriminating in the selection of their substrates^[@ref4]^---yet the chaperone function of the α-crystallins, or sHSPs in general, is not as well understood at the molecular level^[@ref5]^ as that of the ATP-dependent chaperone systems.^[@ref6]^ Moreover, the structure of the bound target protein is not known and still remains an active area of research.^[@ref7]^

The chaperone activity of the α-crystallins is experimentally measured *in vitro* using target substrates under conditions that induce protein unfolding and aggregation, such as heating, disulfide reduction, or by means of known chemical denaturants.^[@ref8]−[@ref11]^ Several structural features in the α-crystallins and other sHSPs are believed to be responsible for their chaperone activity. Prominent among them is the common domain in all sHSPs, the so-called α-crystallin domain (ACD), comprising the core β-sheet structure consisting of nine β-strands (B1--B9).^[@ref12]^ Oligomerization of the α-crystallins or even dimerization leads to interfacial grooves and surrounding pockets that have been proposed as the hydrophobic substrate binding sites.^[@ref1],[@ref12]^ The mostly disordered N-terminal stretch (∼55 residues) flanking the ACD has also been implicated in substrate binding and is believed to undergo conformational changes adapting to any substrate, which explains the versatility of sHSPs in binding a variety of substrates.^[@ref13]^ Finally, the C-terminal tail of ∼20 residues has been implicated in the recognition and selection of substrate proteins.^[@ref14],[@ref15]^ It also contains the IXI/V motif, thought to be important for oligomerization^[@ref16]^ which in turn is important for substrate binding.

In view of these functionally significant complex structural features, it is surprising that a 19-residue peptide fragment from the ACD of human αA-crystallin, called mini-αA-crystallin (or MAC),^[@ref17]−[@ref19]^ which has almost none of these structural features and consists of only parts of β-strands B3 and B4 of ACD, still shows chaperone activity similar to that of the parent protein toward the substrates examined so far. Historically, this peptide was first synthesized by Sharma et al.,^[@ref18]^ on the basis of their findings that it contained the binding site for mellitin and bis-ANS in α-crystallin, and the binding diminished the chaperone activity of the crystallin. This intriguing chaperone property of the peptide prompted us to undertake our investigation. In exciting new developments, several reports have indicated that MAC-related peptides also show inhibitory effects on apoptosis similar to that of the α-crystallins.^[@ref20],[@ref21]^ In addition, Steinman and co-workers^[@ref22],[@ref23]^ have shown such peptides to have a therapeutic effect in multiple sclerosis and neuro-inflammation, as well. Thus, peptides such as MAC are interesting not only as peptide chaperones but also independently as therapeutic agents that can potentially be developed for translational studies.^[@ref24]^

These novel advances prompted us to undertake a detailed investigation of MAC, and in the work reported here, we characterize its solution structure and probe its chaperone activity toward a lens-specific substrate protein, human γD-crystallin (HGD), which is a natural substrate for parent α-crystallin.^[@ref25]^ We found that MAC not only exhibits chaperone-like activity toward HGD in our assays but also forms a stable complex with HGD. Our data show that while ∼30% of HGD is present in an irreversible complex with the peptide, there are only minor changes in the structure of HGD in the MAC-bound state.

Materials and Methods {#sec2}
=====================

Cloning, Expression, and Purification of the Target Protein and Peptide {#sec2.1}
-----------------------------------------------------------------------

Cloning, expression, and purification of HGD^[@ref26]^ as well as the preparation of \[U-^15^N\]HGD were conducted as described previously.^[@ref27]^ Extraction and purification of bovine α-crystallin were performed as reported previously.^[@ref28]^ Unlabeled MAC (DFVIFLDVKHFSPEDLTVK) was purchased from GenScript, and because it was ∼96% pure, no further purification was conducted. The \[^15^N\]Val-labeled MAC was ∼95% pure and synthesized by LifeTein, LLC. The peptide samples were subjected to extensive dialysis against water and lyophilized for 48 h to remove any traces of residual trifluoroacetic acid (TFA) remaining from previous purification steps during synthesis.

With the exception of peptide solutions used in the CD studies, all solutions of MAC were made by weighing the lyophilized peptide. Concentrations of the MAC solutions used in CD studies were determined more accurately as described below.

CD Spectroscopy {#sec2.2}
---------------

Two methods were adopted to measure the concentrations of MAC solutions used for the CD studies shown in Figure [1](#fig1){ref-type="fig"}A: (1) gravimetric method and (2) UV absorption. The gravimetric method involved the following procedure. The MAC preparation purchased from GenScript was extensively dialyzed against doubly distilled water and lyophilized. A stock solution was prepared in doubly distilled water from the lyophilized material, from which a known volume (100 μL aliquot) was taken in a preweighed aluminum pan. The pan was heated to 125 °C in an oven for 2 h, cooled in a desiccator, and weighed. The cycle was repeated until a constant weight was obtained. The second method involved measuring the UV absorption spectrum of the stock solution after dilution in 100 mM sodium phosphate buffer (pH 7) containing 4 M guanidinium hydrochloride (GdnHCl). The concentration of MAC was calculated using a molar extinction coefficient of 195 at 258 nm for each of the three Phe residues^[@ref29]^ in MAC. The concentration thus determined was ∼10% lower than that determined gravimetrically. We did not use the gravimetric data in the event that residual salts were still present in the peptide solution and led to the higher concentration estimate. Thus, the concentration of MAC used here is based solely on the absorption data shown in Figure [1](#fig1){ref-type="fig"}B, which are essentially caused by the UV absorption of Phe.

![(A) CD spectra of MAC (mini-αA-crystallin) in 5 mM phosphate buffer (pH 7) showing the effect of serial dilution as the concentration is lowered from 455 to 28 μM. Each spectrum is an average of nine scans. Spectra at the two highest concentrations were truncated at 204 nm because of detector saturation. Dilution leads to a shift in the CD minimum from ∼218 to ∼200 nm, indicating a conformational transition from a β-sheet structure to a random coil. The spectra (all except the one corresponding to the lowest protein concentration) show an isodichroic point at 212 nm, indicating the equilibrium between the two conformations of the peptide. (B) Absorption spectra of MAC in 5 mM phosphate buffer (pH 7). Spectra measured at concentrations ranging from 455 to 28 μM obtained by serial dilutions appear to scale linearly. The main phenylalanine band at 257 nm is clearly visible and has been used for the concentration measurements in (A). In addition, the phenylalanine bands at 252 and 263 nm are also observed, but not that at 246 nm. Because MAC does not contain any other aromatic residues besides phenylalanine, the UV absorbance at 257 nm is likely to be solely caused by phenylalanine.](bi-2014-014479_0003){#fig1}

CD spectra were recorded on a JASCO J-815 spectropolarimeter equipped with a Peltier type temperature controller. The protein concentration was 0.1 mg/mL for CD spectral measurements in the far-UV range in low-ionic strength (5 mM) phosphate buffer (pH 7). We used a low-ionic strength buffer in this region because it allowed us to measure the CD signal down to 190 nm with low noise.

Chaperone Assays {#sec2.3}
----------------

Two methods were used to assay the chaperone activity of MAC. In the first method, the published procedure of Acosta-Simpson^[@ref30]^ was followed and is described here briefly. Aggregation of HGD was triggered by a rapid dilution of the denaturant, GdnHCl, from 6 to 0.5 M during the refolding of unfolded protein in 100 mM sodium phosphate buffer (pH 7) at 25 °C (Figure [2](#fig2){ref-type="fig"}A). The mixing dead time in these experiments was 60 s.

![(A) Chaperone activity of MAC toward HGD. In assay 1, aggregation of HGD was initiated by rapid dilution of GdnHCl from 6 to 0.5 M and monitored by measuring the turbidity at 350 nm. The final HGD concentration was 0.05 mg/mL (2.4 μM), in the presence (blue) and absence (black) of 178 μM MAC. For control measurements, bovine α-crystallin wad used (red and green). The assay clearly shows the anti-aggregation property of MAC. The points are experimental data. Lines are guides to the eye. (B) Chaperone activity of MAC toward HGD. In assay 2, aggregation of HGD was initiated by incubating the protein at 68 °C in the absence and presence of various amounts of MAC (mole:mole) as indicated. The data suggest that the peptide is capable of efficiently suppressing thermally induced aggregation of HGD in a dose-dependent manner. The points are experimental data. Lines are guides to the eye.](bi-2014-014479_0004){#fig2}

In the second method, the turbidity of HGD solutions was measured at 68 °C in 100 mM sodium phosphate buffer (pH 7) as a function of time by recording the absorbance at 350 nm in a Cary 100 UV--vis spectrophotometer equipped with an automated temperature controller (Figure [2](#fig2){ref-type="fig"}B). Protein and peptide concentrations and their molar ratios used in both assays are mentioned in the appropriate sections in the text and figures.

NMR Spectroscopy {#sec2.4}
----------------

NMR data were acquired on a Bruker Avance III 500 MHz spectrometer equipped with an ultrasensitive TCI triple-resonance cryo-probe, and a Bruker Avance II 400 MHz spectrometer equipped with a standard TBI probe. Both NMR spectrometers are capable of applying pulsed field gradients along the *z*-axis.

NMR samples were prepared by dissolving variable concentrations of proteins in NMR buffer \[10 mM potassium phosphate (pH 7)\].^[@ref27]^ MAC solutions of increasing concentrations, in the same buffer as the target protein, were used to titrate the target protein solution maintained at a fixed concentration (50 μM). To make the irreversible complex, labeled (or unlabeled) MAC was used at a concentration 8--10-fold higher than that of HGD and incubated at a temperature around 60 °C for 10--12 h. A ^15^N-edited HSQC, ^1^H--^15^N HSQC, NMR experiment was used to monitor complex formation.^[@ref31]^ Water suppression during NMR experiments was achieved by using the WATERGATE pulse sequence.^[@ref32]^ All experiments were conducted at 25 °C unless otherwise noted. Variable-temperature NMR measurements were taken on a Bruker 400 MHz spectrometer with a protein concentration of 100 μM, in the presence and absence of 300 μM MAC in NMR buffer. All data were analyzed using the NMR program CARA.^[@ref33]^ Chemical shift perturbations (CSPs) were calculated as described previously.^[@ref27]^ Binding isotherms were analyzed and *K*~d~ values estimated with the following equation using OriginPro 8:

![HSQC spectrum of HGD (50 μM) showing the amide chemical shift perturbations caused by interactions with MAC. Shown here are average shifts for all assigned residues in HGD^[@ref27]^ as a result of interaction with MAC (1:3 HGD:peptide molar ratio). The mixture was heated at 68 °C for 40 min and then cooled to 25 °C before the spectrum was recorded. The HSQC spectrum of this "heated mixture" is identical to that of the mixture at room temperature that was never heated.](bi-2014-014479_0005){#fig3}

Structural Modeling {#sec2.5}
-------------------

Surface maps were generated using PyMol (DeLano Scientific). Molecular models of MAC were generated using DS ViewerPro (Accelrys).

Results {#sec3}
=======

Our results consist of the following key elements: (i) characterization of the general spectral properties of MAC and its thermal stability, (ii) demonstration of the chaperone-like properties of MAC with HGD as the target protein using two different assays, (iii) NMR studies of the binding of MAC to \[U-^15^N\]HGD at various temperatures at which both HGD and MAC are in the native, folded state (these experiments show that MAC binds weakly and reversibly to HGD under ambient conditions), (iv) NMR studies of the binding of MAC to \[U-^15^N\]HGD at high temperatures (NMR measurements were taken at high temperatures with HGD alone and in a mixture with MAC at several temperatures, including those at which the thermal unfolding of HGD was initiated; these measurements were designed to detect the residues of HGD affected by MAC binding at the initial stages of structural perturbation as HGD underwent thermal destabilization), (v) NMR studies of MAC bound irreversibly to \[U-^15^N\]HGD (i.e., the chaperone--substrate complex), and (vi) NMR studies of MAC (labeled with \[^15^N\]valine) bound to unlabeled HGD in the chaperone--substrate complex. Thus, data from sections (i) and (ii) describe the properties of MAC and demonstrate its chaperone activity in different assays. Data from section (iii) show that MAC binds weakly to HGD even when HGD is in the native conformation. These data provide a structural and thermodynamic understanding of such a binding process. We find that this type of binding is reversible upon dialysis, unlike the binding at higher temperatures (as in section (iv), closer to the unfolding temperature of HGD). This second type of binding results in a MAC--HGD complex that is stable upon exhaustive dialysis. In sections (v) and (vi), we investigate the MAC--HGD complex formed in section (iv).

(i) Structure and Stability of MAC {#sec3.1}
----------------------------------

The peptide sequence of MAC used in the studies reported here is ^70^DFVIFLDVKHFSPEDLTVK^88^, which is identical to that of the actual peptide fragment from human αA-crystallin, except at position 70, which is a lysine in the parent protein. We replaced Lys 70 with Asp on the basis of the work of Sharma and co-workers,^[@ref34]^ who were the first to use both forms of the peptide interchangeably naming them mini-αA-crystallin. They also showed that both MAC peptides are effective chaperones,^[@ref18]^ and in most of their work,^[@ref17],[@ref34]−[@ref37]^ including their recent paper,^[@ref38]^ they have used the Asp 70 peptide. We also note that several similar peptides with chaperone activity have been used by other investigators in their studies,^[@ref20],[@ref39]^ particularly the MAC peptide with an acetylated Lys 70 used by Nahomi et al.^[@ref20]^ that shows a chaperone activity *in vitro* ∼15% higher than that of the nonacetylated peptide for the γ-crystallin substrate. It should be mentioned, however, that MAC or MAC-like peptides have not been found in the ocular lens *in vivo*, and the purpose of our work is merely to identify the structural basis of the chaperone function of the MAC-like peptides *in vitro*.

Figure [1](#fig1){ref-type="fig"}A shows the CD spectra of MAC solutions subjected to serial dilution in 5 mM sodium phosphate buffer (pH 7). The corresponding absorption spectra, which scale linearly with each successive dilution, are shown in Figure [1](#fig1){ref-type="fig"}B. However, as is apparent from the CD spectra, at 455 μM \[the highest concentration used (Figure [1](#fig1){ref-type="fig"}A, black curve)\], MAC is predominantly present in the β-sheet form with a typical CD minimum around ∼218 nm. Upon dilution to concentrations below 225 μM, MAC showed an increasing population of the disordered form, as observed by the gradual shift of the CD minimum to a final value approaching 200 nm. Thus, the secondary structure of MAC is transformed from a predominantly β-strand form at concentrations of ≥225 μM to one that is almost entirely disordered at a 10-fold lower concentration. This type of concentration-dependent conformational transition has also been observed for other peptides, especially those forming β-hairpins or β-sheets.^[@ref40],[@ref41]^ Thus, the peculiar behavior of MAC suggests that it may be present in solution as reversible oligomers and that such oligomerization above a threshold peptide concentration probably promotes the formation of the β-sheet structure. We observed a similar equilibrium also in high-ionic strength buffers, but the higher ionic strength \[100 mM sodium phosphate (pH 7)\] shifts the equilibrium toward the β-sheet form (data not shown). The data shown here reveal this equilibrium clearly, because of the negligible optical interference (and hence better signal to noise ratio) in the far-UV region using the low-ionic strength (5 mM sodium phosphate) buffer.

Previous studies^[@ref17]^ have reported that MAC assumes a β-sheet-rich secondary structure that is retained until 55 °C and is necessary for its chaperone property. Although our peptide has a similar fold (Figure [1](#fig1){ref-type="fig"}A), we observe a much higher unfolding temperature with a transition midpoint around 85 °C (Figures S1A and S1B). This holds for all the peptide preparations used in this work. Figure S1B shows that the structural transition could not be followed to completion because of the high temperatures required for unfolding, which is evident in the sigmoidal fit to the transition. For this reason, we have not attempted to analyze the data rigorously and simply suggested an approximate midpoint for the unfolding transition of MAC. It is noteworthy that MAC has a high melting temperature and is thus able to function as a chaperone at significantly high temperatures, such as 68 °C, which is used in this study (see below).

To better understand the interaction of MAC with HGD, we modeled the three-dimensional structure of MAC using the PEP-FOLD server,^[@ref42],[@ref43]^ which uses a *de novo* approach to model the structures of small peptides based on the consecutive sequences of four-residue structural units. Three representative models are shown in Figure S2A. All the models show a hairpin structure with a hairpin length around 20--25 Å, while some show canonical turns. We find that the MAC segment within the parent protein, αA-crystallin, does not form a β-hairpin but, instead, contains parts of two different β-strands (Figure S2B). Thus, there was no *a priori* knowledge that MAC would necessarily fold into a β-sheet structure. Furthermore, to examine the propensity of MAC for a particular secondary structure, we used the PSIPRED server (<http://bioinf.cs.ucl.ac.uk/psipred>; Figure S2C). The prediction shows that six residues in the N-terminal end and two in the C-terminal end form a β-strand while all others are ambivalent and in the "coil" form. It is likely that these β-strands nucleate the formation of the hairpin structure of the peptide in solution. Therefore, higher concentrations seem to favor the β-sheet structure in the peptide.

(ii) Chaperone Activity of MAC toward HGD {#sec3.2}
-----------------------------------------

MAC has been shown to prevent the aggregation of several proteins *in vitro*,^[@ref17],[@ref35],[@ref36]^ including the γ-crystallins^[@ref20],[@ref37]^ which are important because they are natural substrates of α-crystallin. Notably, Kumar et al.^[@ref37]^ have shown that MAC is effective in protecting the γ-crystallins from oxidative insults. However, to conduct a detailed mechanistic study of the protection process, we chose human γD-crystallin, which is a homogeneous single protein, rather than a family of γ-crystallins. To test the chaperone function of MAC with HGD, we used two different aggregation conditions: (a) as in ref ([@ref30]), using a concentration jump from high denaturant to low denaturant concentration (from 6 to 0.5 M GdnHCl) and monitoring the resulting scattering over a period of time (Figure [2](#fig2){ref-type="fig"}A), and (b) heating HGD to 68 °C and monitoring the scattering for a similar time period (Figure [2](#fig2){ref-type="fig"}B). In both cases, HGD alone, in the absence of MAC, formed visible aggregates which resulted in increased turbidity in solution as measured by light scattering at 350 nm (*A*~350~). However, as shown in panels A and B of Figure [2](#fig2){ref-type="fig"} in the presence of MAC, the aggregation of HGD was effectively suppressed in both assays. In the first assay (a), the concentrations of HGD (0.05 mg/mL or 2.4 μM) and bovine α-crystallin as a control (0.25 mg/mL) were consistent with those of Acosta-Sampson.^[@ref30]^ An 8-fold higher (w/w) concentration of MAC (177.8 μM, 74-fold molar excess) compared to that of HGD showed dramatic suppression of aggregation (Figure [2](#fig2){ref-type="fig"}A). In the second assay (b), a higher concentration (1.0 mg/mL or 48.5 μM) of HGD was used and a 1:1 molar concentration of MAC was found to be effective. Furthermore, in this assay, we attempted to observe the "dose response" by increasing the HGD:MAC ratio from 1:1 to 1:2 and 1:3 (mole:mole) and found that increasing concentrations of MAC were correspondingly more effective in suppressing the aggregation of HGD (Figure [2](#fig2){ref-type="fig"}B).

(iii) Structural Characterization of HGD--MAC Interactions {#sec3.3}
----------------------------------------------------------

We used high-resolution solution NMR spectroscopy to probe the interactions between HGD and MAC. We first recorded the ^1^H--^15^N HSQC spectrum of HGD in the presence of the peptide at 25 °C after they were preheated together at 68 °C for 40 min, conditions similar to those used for the *in vitro* chaperone assays described above. On the basis of our earlier backbone assignment of HGD,^[@ref27]^ we observed moderate chemical shift perturbations (CSPs) for a number of residues in HGD (Figure [3](#fig3){ref-type="fig"}), in both the N- and C-terminal domains, suggesting regions on the substrate (or target) protein that are involved in interacting with the peptide. Interestingly, however, we observed identical shifts in the ^1^H--^15^N HSQC spectrum of \[U-^15^N\]HGD in the presence of MAC, even when the step of preheating to 68 °C was eliminated. In addition, we also noticed that extensive dialysis of both mixtures (preheated and unheated) with a 10 kDa molecular mass cutoff membrane removed all of the MAC peptide and restored the original ^1^H--^15^N HSQC spectrum of \[U-^15^N\]HGD in each case. These results suggest that while heating to 68 °C for 1 h is sufficient to generate adequate amounts of unfolded, aggregated HGD that can be observed by optical scattering, not enough of a stable form of the HGD--MAC complex that can be tracked by NMR is generated under these conditions. More importantly, it was apparent from these data that simply mixing HGD and MAC even at ambient temperatures produced shifts in the ^1^H--^15^N HSQC spectrum of \[U-^15^N\]HGD arising from the binding of MAC to native, folded HGD.

To better define this type of weak or reversible binding (we have used these terms interchangeably in the following sections), we titrated \[U-^15^N\]HGD with MAC at 25 °C (i.e., without preheating) and measured the ^1^H--^15^N HSQC spectra as a function of increasing concentrations of MAC. The corresponding binding isotherms are shown in Figure [4](#fig4){ref-type="fig"}, which reveals two sets of residues: one with an apparent *K*~d~ of ∼200 μM (Figure [4](#fig4){ref-type="fig"}, left panel) and the other with an apparent *K*~d~ of ∼700 μM (Figure [4](#fig4){ref-type="fig"}, right panel). In the inset to each figure, the progressive chemical shift changes of a representative residue are shown. These affinity values are consistent with a weak binding interaction between HGD and MAC, under these conditions. For the titrations shown in the right panel (i.e., *K*~d~ ≅ 700 μM), the *K*~d~ value was calculated using only the initial part of the titration because the low solubility of MAC limited the measurements at higher concentrations. Therefore, the *K*~d~ values in these cases are likely to be less accurate than those shown in the left panel and should be viewed as lower estimates of the actual *K*~d~ values. Both *K*~d~ values have been calculated assuming a standard single-site binding model (see [Materials and Methods](#sec2){ref-type="other"}). We found that all residues of HGD that interact with MAC can be described by either one of these binding isotherms (see also Figure [6](#fig6){ref-type="fig"}A and Table S1). Interestingly, among these are two residues, Tyr 6 and Ser 123, that also participate in irreversible binding with MAC, which is discussed below.

![Multiple binding sites of MAC on HGD. NMR titration of HGD (50 μM) with increasing concentrations of MAC showing representative binding isotherms with a binding affinity of \<350 μM (left) and representative binding isotherms with a binding affinity of \>400 μM (right). The insets show progressive chemical shift perturbation of Glu 17 and Ile 171 (left and right, respectively), with increasing peptide concentrations (indicated by an arrow). All residues of HGD that interact with the peptide under these conditions (see Figure [6](#fig6){ref-type="fig"}A and Table S1), can be described by either of these binding isotherms.](bi-2014-014479_0006){#fig4}

(iv) NMR Studies of the Binding of MAC to \[U-^15^N\]HGD at High Temperatures {#sec3.4}
-----------------------------------------------------------------------------

To ascertain whether HGD binds to MAC in a different manner at higher temperatures that favor thermal unfolding (as compared with the binding at ambient temperature discussed in section (iii)), we performed a ^1^H--^15^N HSQC measurement of \[U-^15^N\]HGD in the presence and absence of MAC as the protein solution was heated to temperatures ranging from 25 to 65 °C at intervals of 2--5 °C. Selecting a range of temperatures was important for the following reason. Temperature has a pronounced effect on the chemical shift of each amino acid residue, and a gradual, linear, and unidirectional shift of each cross-peak is typically expected as the temperature is increased.^[@ref44]^ Therefore, any deviation from linearity and/or the appearance of new cross-peaks would indicate new interaction sites for MAC on HGD at the higher temperatures. Despite several differences in the two spectra, one with HGD alone and the other with HGD and MAC (Figure [5](#fig5){ref-type="fig"}), the only cross-peak that could be assigned unambiguously in the mixture was that arising from Val 132 at 65 °C. This suggests that this particular residue interacts with the minichaperone at 65 °C as the substrate protein (HGD) begins to unfold.

![Interaction of Val 132 of HGD with MAC at 65 °C, (B) showing the appearance of a new peak in the HSQC spectrum of HGD \[25 (red), 35 (green), 45 (orange), 50 (pink), 55 (blue), 60 (wine), and 65 °C (cyan)\]. The corresponding reference HSQC spectra for HGD are shown in panel A \[25 (black), 35 (red), 45 (green), 50 (orange), 55 (blue), and 60 °C (pink)\]. The arrows indicate the direction of the temperature increase.](bi-2014-014479_0007){#fig5}

(v) NMR Study of the Irreversible Complex of \[U-^15^N\]HGD and MAC {#sec3.5}
-------------------------------------------------------------------

To increase the yield of the irreversible HGD--MAC complex, we incubated a mixture of HGD and MAC at 60 °C for an extended period of time (∼24 h). In an earlier study, we had shown that as much as 20% of HGD binds to human αA-crystallin upon being incubated at 55 °C for 16 h.^[@ref45]^ In the study presented here, we observed that HGD alone almost completely precipitates from solution upon incubation at 60 °C for 24 h, while only a small fraction precipitates if the solution is heated in the presence of MAC. After being heated, the supernatant was extensively dialyzed with a 10 kDa molecular mass cutoff membrane to remove the unbound and weakly bound MAC before the ^1^H--^15^N HSQC spectra of \[U-^15^N\]HGD irreversibly bound to MAC were recorded.

![Overlay of the HSQC spectra of HGD (red contours) and HGD with MAC (blue contours) measured at 25 °C. (A) Reversible binding. The HGD/MAC mixture was heated for 1 h, followed by extensive dialysis. As described in the text, HSQC spectra are identical with or without heating. (B) Irreversible binding. The HGD/MAC mixture was heated for 24 h at 60 °C followed by extensive dialysis (see the text for details). The residues of HGD that interact with the peptide (new peaks and/or broadening) are marked.](bi-2014-014479_0008){#fig6}

We found three types of changes. Several residues gave rise to new peaks; peak broadening was observed in some cases (Figure [6](#fig6){ref-type="fig"}B), and minor chemical shift perturbation (CSP) was also observed for some residues (Figure S3 and Table S2). Residues that showed new peaks are Tyr 6, Asp 38, Gln 54, Phe 56, Asp 61, Asp 97, Glu 107, Ser 123, Ser 130, Val 132, Arg 152, Ser 166, Leu 167, and Ser 174. In addition, Asn 138, Val 164, and Gly 165 showed significant line broadening. This new set of residues showing spectral changes due to the irreversible binding of the peptide to HGD is different from the set of residues that show CSP at ambient temperatures (see section (iii), Figure [3](#fig3){ref-type="fig"}), except for Tyr 6 and Ser 123, which are common to both. These residues are mapped on the crystal structure of HGD^[@ref46]^ (Figure [7](#fig7){ref-type="fig"}). We have also computed the relative population of the MAC--HGD complex by comparing the intensities of the original cross-peaks in the spectrum of free HGD with those of the newly observed cross-peaks of Phe 56, Val 132, Ser 166, and Leu 167 in the spectrum of the complex. These comparisons show that 31.8 ± 5.8% of HGD is present in the form of the HGD--MAC complex.

![Crystal structure of HGD (Protein Data Bank entry 1HK0) showing a map of the residues (from Figure [6](#fig6){ref-type="fig"}B) that are perturbed in the binding of MAC in the irreversible complex.](bi-2014-014479_0009){#fig7}

Besides the residues giving rise to new peaks, and showing line broadening, we also observe minor CSPs for a small set of residues (Figure S3 and Table S2). These are listed primarily for the sake of completeness. In Figure S3, we have taken 0.015 as an arbitrary cutoff to denote significant CSPs. As noted in Table S2, there are two residues (V75 and E96) of HGD that are also observed to bind reversibly to MAC. However, because the absolute values of CSPs is this case are quite small, these residues are not our primary interest, and we will first focus on residues that show new cross-peaks and line broadening and return to these residues later in this section.

(vi) Binding of \[^15^N\]Val-Labeled MAC to HGD {#sec3.6}
-----------------------------------------------

To confirm that MAC is in fact irreversibly bound to HGD, \[^15^N\]Val-labeled MAC was used to conduct an experiment similar to that described in section (v), and the ^1^H--^15^N HSQC spectrum of the HGD--\[^15^N\]Val-MAC complex was recorded. When compared with the reference spectrum of the free \[^15^N\]Val-labeled MAC at room temperature, we observed severe line broadening of all the cross-peaks in the complex (Figure [8](#fig8){ref-type="fig"}). We observed four cross-peaks from free \[^15^N\]Val-labeled MAC, even though there are only three Val residues in the peptide, which is somewhat surprising. This is most likely a reflection of the structural heterogeneity in the peptide caused by its concentration-dependent oligomerization already shown and discussed in Figure [1](#fig1){ref-type="fig"}. While this experiment was performed mainly to determine the extent of the binding of MAC to HGD, we were unable to derive such information because of the severe line broadening of all cross-peaks pertaining to the ^15^N-labeled valines in the peptide.

![Limited region of the HSQC spectra of the HGD--MAC irreversible complex. The color code for each spectrum is shown. \[^15^N\]Val peaks in MAC alone and MAC in the molecular complex with HGD are observed.](bi-2014-014479_0010){#fig8}

From the list of residues in HGD, which participate in "irreversible" binding to MAC (Table S3), we selected those that are not solvent-accessible (highlighted in Table S3) in the native protein. These residues were selected as follows. First, the solvent accessibilities of all residues of HGD (Protein Data Bank entry 1hk0) were computed as relative exposed fractional surface areas using ASA-View, a Web server ([www.abren.net/asaview/](www.abren.net/asaview/)*)*. Then, using an arbitrary cutoff value of 0.1, these residues were divided into two classes: solvent-accessible and solvent-inaccessible. A cursory look at the solvent-accessible residues indicates that they are all charged and/or polar. Notable among them is Asp 97, which is known to be involved in a charge network cluster propagated with water molecules.^[@ref46]^ Thus, it is likely that the effect we observe in the surface residues (i.e., the nonhighlighted residues in Table S3) is related to the perturbation in the surface charge network along with the adjoining water layer. It is also evident that all these residues are among those that generally make most of the water-mediated contacts in proteins.^[@ref47]^

The group of solvent-inaccessible residues in Table S3 consists mainly of hydrophobic amino acids and three serine residues. Of these, Ser 130 (Table S4) is capable of forming hydrogen bonds with water directly and is also involved in the reversible binding with MAC. Thus, it appears sufficiently surface-exposed to interact with the hydration layer. Ser 123, on the other hand, appears to be H-bonded to two other residues (Tyr 93 and 98) that interact with the hydration layer extensively (Table S5). Furthermore, a careful examination of the structure of HGD shows that Ser 123 may be in a deep crevice, and water molecules in such crevices are often missed in crystallographic studies.^[@ref48]^ Therefore, we consider these two Ser residues, 123 and 130, as solvent-accessible and not directly affected by MAC binding. That leaves six residues, namely, Phe 56, Val 132, and Ser 164--Leu 167, that define the binding locus for MAC. Among these, Phe 56 and Val 132 are in the domain interface, belonging to a β-strand in the N- and C-terminal domains, respectively (Figure [7](#fig7){ref-type="fig"}). The four remaining residues (164--167) are contiguous and in the last (C-terminal) edge strand. Thus, we suggest that residues 56, 132, and 164−167 define the binding locus of MAC to the normally solvent-inaccessible, or partially accessible surface of HGD, thereby protecting it from solvent exposure and consequent aggregation.

The edge strand containing residues 164--167 interacts with the adjacent strand containing residues 130--135 and is protected^[@ref49]^ from intermolecular interactions by two loops, one containing residues 106--118 and another containing residues 136--141. We note (Figure S3 and Table S2) that E135 of the adjacent strand and C109 of one loop show minor CSPs. This is consistent with our identification of the putative MAC binding locus. Furthermore, L112 (of the former loop) may also have a new cross-peak, but its identification is ambiguous, as L112 and I81 have overlapping cross-peaks in native HGD (data not shown). From the residues listed in Table S2, we have thus identified those that are also involved in reversible (transient) binding to the native protein, as well as those that we believe are directly perturbed by the binding of MAC to the putative locus in heat-destabilized HGD. Note that the two remaining residues in Table S2, M102 and I103, are both solvent-accessible. Because we are mainly interested in those residues that are surface-inaccessible, as they are the ones most likely to be involved in unfolding and protected by MAC binding, we have not considered these two surface residues further.

In identifying residues that show CSPs in the ^1^H--^15^N HSQC NMR spectra, one must be cautious about "false positives" for CSP,^[@ref50]^ which may arise if the binding leads to local structural changes in the protein backbone (as indicated above in section (iii)). However, despite this caveat, determination of CSPs plays an important role in characterizing binding of ligand to proteins.^[@ref50],[@ref51]^ Here we have tried to make the case that except for these six (of the total of 17 residues in Table S3), other residues may show CSPs not directly caused by the binding of MAC but by local structural perturbations and adjustments as a result of perturbation in the charge network and the associated hydration layer. Clearly, we do not have evidence of the proposed role for the charge network and hydration layer, and the changes we observe may be due to direct binding of MAC to these residues, as well, or a combination of the two effects. However, our proposal is plausible, because binding of ligand to proteins requires a serious consideration of the water network, as has been shown recently by Breiten et al.^[@ref52]^ It should also be noted that our analysis involving the hydration layer is made possible by the availability of the high-resolution crystal structure of HGD,^[@ref46]^ which clearly shows the locations of the water molecules in the hydration shell.

Discussion {#sec4}
==========

Our data show that MAC is effective as a molecular chaperone for HGD, a natural substrate for the parent protein, α-crystallin. Although Nahomi et al.^[@ref20]^ and Kumar et al.^[@ref37]^ have already shown MAC to be effective in protecting γ-crystallins from aggregation and oxidation, respectively, it has never before been tested in the unfolding process of HGD. Furthermore, our observation that MAC exhibits β-sheet structure that remains stable to very high temperatures in solution (*T*~m~ ∼ 85 °C) is a new finding. We also found that the β-sheet structure of MAC is related to its aggregation state because MAC is gradually converted to a disordered structure upon dilution and at low salt concentrations. It is conceivable that such an equilibrium results in a rudimentary pool of heterogeneous oligomeric conformations similar to that observed in parent α-crystallin.^[@ref53]^ In α-crystallin and other small heat-shock proteins, such structural heterogeneity and the associated dynamic exchange of subunits are believed to be responsible for the versatility in their chaperone function toward a diverse array of targets.

An important finding in this work is that MAC binds to HGD at ambient temperatures where HGD is in its native, folded form, as well as at substantially high temperatures at which HGD normally unfolds. At ambient temperatures, it binds weakly and reversibly with apparent *K*~d~ values in the range of 200--700 μM. This binding is reversible upon dialysis, as shown by the restoration of the ^1^H--^15^N HSQC spectrum of \[U-^15^N\]HGD to its native profile as MAC is dialyzed out. The ^1^H--^15^N HSQC spectrum also reveals the residues in HGD whose structures are affected upon MAC binding. These residues are spread throughout HGD and are mostly surface-exposed (see Table S1 and Figure [3](#fig3){ref-type="fig"}).

When MAC forms a stable (i.e., irreversible) complex with \[U-^15^N\]HGD at higher temperatures where HGD unfolds, some residues show minor CSPs in the ^1^H--^15^N HSQC spectrum of \[U-^15^N\]HGD and new peaks are observed, while other residues show significant line broadening. This complex did not dissociate upon dialysis and allowed us to specifically define a number of residues in HGD that are affected upon the stable binding of MAC. From these residues, we have selected six as a minimal set that we propose are directly related to MAC binding (see [Results](#sec3){ref-type="other"} for this selection procedure). The involvement of the remaining residues may be a result of local structural changes caused by the binding of MAC as discussed below.

On the basis of our data and the X-ray crystal structure of HGD, we present a structural model of MAC in a complex with HGD. The six residues that we have implicated, namely, Phe 56, Val 132, Val 164, Gly 165, Ser 166, and Leu 167, form a locus spanning the domain interface and a part of the edge strand in the C-terminal domain. The length of this locus (measuring the distance between C~α~ residues) is ∼24 Å, roughly the length of the MAC hairpin (see Figure S2A,B). Thus, one can postulate the binding of one strand of MAC with the residues identified in HGD. This would entail the interaction of a strand in MAC with the edge strand (containing residues 164--167) of HGD. The promiscuity of the edge strands of β-sheets in protein--protein interaction and aggregation has been well-documented.^[@ref49]^ Binding of MAC to this edge strand could prevent the aggregation of heat-destabilized HGD.

A computational study^[@ref54]^ of the urea unfolding of HGD has also implicated residues in the domain interface and the C-terminal end. However, this work indicates large structural perturbations in residues 132--164, culminating in domain-swapped polymers. In another study, Zanni and co-workers^[@ref55]^ have shown the involvement of residues 80--163, in the acid denaturation of HGD, using two-dimensional infrared spectroscopy and mass spectrometry. While both these studies implicate residues in the C-terminal end in the unfolding and subsequent aggregation of HGD, the precise locus of residues involved in the process is different from what we find during the heat denaturation of HGD shown here.

We summarize our finding in the model presented in Figure [9](#fig9){ref-type="fig"} where a surface map of the HGD crystal structure is shown. The red and pink patches on the surface represent residues to which a reversible binding of MAC is observed at ambient temperatures: the red patches show residues with stronger binding (i.e., lower *K*~d~ values) and pink patches those with weaker binding (i.e., higher *K*~d~ values). The green stick model includes residues of HGD that we propose to be the irreversible binding site for MAC for its chaperone action. They can be seen as an almost contiguous chain running from Phe 56 in the domain interface to Val 132, along with the four residues of a β-strand, namely, Val 164--Leu 167. We calculate the distance between the C~α~ atoms of the contiguous residues to be around ∼24 Å (Table S6). As shown in Figure S2A, all the molecular models of MAC show hairpin-type structures of approximately the same length. Thus, we propose that MAC is likely to bind this locus, primarily in the C-terminal domain through the domain interface in the initial stages of the unfolding of HGD. This could prevent the C-terminal end from collapsing as the target protein unfolds and preserve the domain interface. From their molecular dynamics studies of the urea unfolding of HGD, Das et al.^[@ref54]^ have proposed somewhat similar initial events in the urea unfolding of HGD. Nevertheless, as HGD unfolds, its structure undergoes some expansion, and depending on how the remaining regions of MAC interact with the protein surface, other residues on HGD could also be affected. This in turn would lead to a restructuring of the surface-bound water network. Thus, our current working model of the HGD--MAC complex is that besides the six residues listed here as the ones constituting the binding site for MAC during the initial stages of the unfolding of HGD, other residues show CSPs due to local structural changes as the polypeptide chain of HGD accommodates MAC. Besides Asp 97, which is known to be involved in a charge and water network^[@ref46]^ in HGD, the two terminal residues of the locus implicated in the direct binding of MAC (i.e., Phe 56 and Val 164) also form hydrogen bonds with the hydration layer. The amide groups of Phe 56 form hydrogen bonds with waters 129 and 132, and Val 164 forms hydrogen bonds with water 218 in the crystal structure. Thus, according to this model, the binding of MAC perturbs the hydration layer of HGD and prevents the edge β-strand in the C-terminal end from aggregation. Our data thus show that besides the six residues in HGD implicated directly in binding to MAC, other residues are possibly involved in local structural adjustments of the polypeptide chain of HGD in accommodating MAC. Furthermore, these structural changes may be mediated by the reconfiguration of the water layer surrounding HGD.

![Structural model for HGD--MAC interaction. Surface representation of the crystal structure of HGD (Protein Data Bank entry 1hk0) showing the residues affected by the binding of MAC. Residues affected by reversible binding are shown as red and pink patches (red, stronger binding, lower *K*~d~), (pink, weaker binding, higher *K*~d~). Residues shown as green sticks (F56, V132, and V164--L167), largely in the interior of the protein, are those that are likely to bind irreversibly to MAC when it forms a chaperone--substrate complex with HGD. The molecular surface was rendered semitransparent to make the buried residues visible. Note that Phe 56 and Val 164 form the two ends of the proposed binding locus.](bi-2014-014479_0011){#fig9}

The spectroscopic data presented in this report deal with the structures only at equilibrium and do not address the issue of the kinetic aspects of unfolding and precipitation of HGD or the binding of MAC. However, it is conceivable that once the core structure of an HGD domain and the domain interface are disrupted and the hydrophobic residues become solvent-accessible, rapid aggregation would set in. Therefore, we suggest that the reversible low-affinity binding of MAC to the surface of HGD must facilitate the rapid diffusion of MAC to these exposed sites. Such rapid diffusion that results from reducing the dimensionality of the interaction has been observed in various contexts by others and discussed in detail.^[@ref56]^

In conclusion, we have provided, for the first time, a structural model for the chaperone function of MAC toward HGD. The model highlights the properties of MAC that allow it to function as a molecular chaperone similar to those of the parent α-crystallin. Such observations regarding the "functional mimics" of intact proteins are not entirely unusual. Hochberg et al.^[@ref57]^ have recently shown that a "minimal, chaperone-active unit" of αB-crystallin, which is approximately half the protein, and termed the "core domain", is sufficient to inhibit amyloid fibril formation. Because α-crystallins are now known to chaperone a diverse array of target proteins, MAC and other similar peptides might also be effective in chaperoning proteins other than those already studied.^[@ref34],[@ref58]^ Given the importance of the chaperone action of the sHSPs, it would be desirable to engineer more efficient and versatile peptides such as MAC. The work of Nahomi et al.^[@ref20]^ already suggests that an acetylated Lys at the N-terminal end of MAC instead of Asp leads to enhanced chaperone activity of MAC. Our work suggests that modifications of the main turn in the hairpin structure of the peptide, modulating the length of the β-strands in the hairpin, and introducing residues to enhance the reversible binding of MAC to the surface of the target are some of the structural manipulations that might affect the chaperone activity of MAC-like peptides and eventually help optimize their function for translational studies.

Thermal unfolding of MAC in the far-UV CD region (Figure S1A), best-fit curve through the data from Figure S1A (Figure S1B), structural models of MAC showing a hairpin loop with β-strands (Figure S2A), residues corresponding to MAC in the crystal structure of bovine αA-crystallin (Figure S2B), secondary structure prediction for MAC (Figure S2C), CSPs in the HSQC spectrum of HGD showing irreversible binding of MAC (Figure S3), residues in HGD that show CSPs upon reversible MAC binding (Table S1), residues in HGD that show CSPs upon irreversible MAC binding (Table S2), residues in HGD implicated in irreversible MAC binding with solvent accessibilities (Table S3), potential H-bonds between bound water and selected residues in HGD (Table S4), potential H-bonds between Ser 123 and neighboring residues in HGD (Table S5), and C~α~ distances computed from the HGD crystal structure (Table S6). This material is available free of charge via the Internet at <http://pubs.acs.org>.
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MAC

:   mini-α-crystallin, a 19-residue peptide of α-crystallin

HGD

:   human γD-crystallin

sHSPs

:   small heat-shock proteins

ACD

:   α-crystallin domain

NMR

:   nuclear magnetic resonance

CSP

:   chemical shift perturbation

HSQC

:   heteronuclear single-quantum coherence

CD

:   circular dichroism

GdnHCl

:   guanidinium hydrochloride

TFA

:   trifluoroacetic acid

UV

:   ultraviolet.
